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Abstract 
 The present technology advancement in biomedical, micro-electro-mechanical systems 
(MEMS) engineering, bio-MEMS, healthcare, etc. is driving the need to fabricate devices with 
multi-level, high aspect ratio and complex microstructures, which in turn requires high quality 
mold inserts with all these features. The present thesis is concentrated in fabricating a multi-level 
mold insert with complex quasi 3 dimensional micro structures with dimensions down to 10µm 
and aspect ratios greater than 30 using a process combination of micro milling with X-ray 
lithography. Therefore, in this study the main focus was to fabricate a high quality mold insert 
template, which can be electroplated to obtain a mold insert. A suitable substrate, copper, was 
first selected for the blank from the available choices of materials. Further, to improve the 
adhesion of copper to the resist, different surface modifications were employed. The results 
showed that oxidation of copper gave the optimal surface for excellent adhesion to resist. In 
order to expose structures at multi-level, two different exposure methods to obtain equal bottom 
dose (counter replica structures and aperture exposures) were explored. Two exposure methods 
showed similar results in terms of patterning quality and retaining high aspect ratio 
microstructures. Finally, fabricated template was electroplated with nickel to demonstrate the 
feasibility of producing a multi-leveled mold insert with complex, high aspect ratio 
microstructures. 
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Chapter 1 
Introduction 
In the recent period, advances in developing miniaturized devices using Micro Electro 
Mechanical System (MEMS) technology with the ability to perform multiple functions for 
microfluidic and biomedical applications has renewed the interest in fabrication of high quality 
mold inserts that are needed for mass replication.  Further, the demand for the complex features 
for various cutting edge research areas like lab-on-a-chip for Bio-MEMS applications [1], 
clinical diagnostics [2,3,4], scaffolds for artificial tissue growth [5], micro actuators, micro heat 
exchangers etc., resulted in significant improvements to fabricate mold inserts with densely 
packed, high aspect ratio, complex microstructures. For example, in advanced applications 
integrating array structures into micro channels (10µm features with aspect ratios of 10-50 
embedded in channels of more than a mm) are of growing interest to improve performance 
immensely especially sensitivity of system [6]. Presently, in integrated microfluidic device 
fabrications, stacking of individual functional chips are performed [7,8], requiring precise 
aligning of each individual chips. However, these devices can be miniaturized further as demand 
of the day by fabricating a single chip with multi-levels and incorporating required functions on 
same chip at different levels. In addition to miniaturization, these chip offer the advantage of 
reducing volume of assays, better volume entrapment of assays, higher packing density, high 
energy storage, higher active surface [9], contamination reduction, better loading capacity, 
efficient reaction kinetics and better separation performance [10], and additionally reduce 
processing time and cost. The mold inserts are commonly fabricated using various 
microfabrication processes, including micromilling process which is flexible and easy replication 
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method to fabricate 2D and 3D structures in different materials [11,12]. The other fabrication 
techniques include hot embossing and micro stereo lithography [13], selective laser sintering, 
CO2 laser cutting techniques and LIGA (German acronym LI-lithographie(lithography), G-
galvanoformung(electroplating) and A-Abformung(replication)) [14,15] is powerful and proven 
technology for fabricating quasi 3 dimensional features from micro to macro scale features up to 
millimeter thick with high precision and tight structural tolerances. The selection of technique to 
fabricate mold insert is based on design, feature size and aspect ratio desired. However, making 
multilevel mold inserts with different aspect ratios at micro and macro scale using single 
fabrication process is either not possible or not economically viable as processing will be 
expensive, time consuming and tedious for example LIGA. Therefore, to economically fabricate 
a high quality multi-level mold insert with complex structures, combination of more than one 
fabrication technique has become imperative, for example LIGA with micro machining process, 
hot embossing or electroplating process. 
     The focus of the thesis is concentrated on fabricating a template of mold insert 
containing macrostructures as well as complex quasi 3 dimensional micro structures using a 
process combination of two most powerful and/or flexible techniques, x-ray lithography and 
micro milling, with demanding structures of dimensions down to 10 µm and aspect ratio greater 
than or equal to 30.  
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Chapter 2 
Literature Review 
The rising demand for complex mold inserts with multi-level and high aspect ratio 
microstructures has led to the several studies in the past. These studies were performed either 
using single processing technique such as micro-milling, X-ray lithography or LIGA; or a 
combination of any of the two. Some of the important studies performed to demonstrate the 
feasibility of fabricating multi-level, high aspect ratio and/or complex mold inserts are discussed 
in the present section. 
2.1. Fabrication Using Micro Milling Process 
Micro milling process is conventional precision machining process involving removal of 
material by micro cutting tools to fabricate molds with 2 dimensional and quasi 3 dimensional 
structures. This technique was employed by Fahrenberg et al to fabricate a multi-level mold 
insert [16]. They demonstrated the fabrication of a 4 level brass mold insert, figure 2.1.1. This 
mold insert was used to fabricate, by molding poly methyl methacrylate (PMMA), multi-level 
actuator of a micro valve system. Some of the details of their work are presented below. 
 
Figure 2.1.1 Mold Insert of Actuation System  
500µm diameter 
1.3mm thick 
high pins 
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Figure 2.1.2: Mold Insert of Flow Element  
In this study mold inserts each for actuator (figure 2.1.1) and flow elements (figure 2.1.2) 
were milled using brass, employing commercially available cutting end mills of 300µm 
diameter. The figure of mold insert of actuation system also shows the highest aspect ratio 
structure, high pin 1.3mm tall and 300µm in diameter.  
2.2. Fabrication Using X-ray Lithography Based Processes  
LIGA was originally developed at Forschungzentrum Karlsruhe, Germany, which is a 
proven technology capable of producing quasi 3-dimensional complex high aspect ratio (i.e. 
height to width ratio) micro features with large structural height ranging from hundreds to 
thousands of micrometers. Well-defined geometry and dimensions (2 dimensional and 2 1/2 
dimensional) with very straight and smooth sidewalls, and tight tolerances [17,18,19] in a wide 
variety of materials can be fabricated using this shadow printing technique. Characteristic of 
large penetrating depths with minimum diffraction effects makes it feasible to pattern 
microstructures on pre structured substrates. But, the fabrication process is expensive and often 
time consuming. Fabrication of multi-level mold inserts using the X-ray lithography or LIGA 
process is presented as below. 
500µm thick  70µm thick 
Orifice Wall  
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2.2.1. LIGA 
Harmening et al [20] was among the first to demonstrate the fabrication of two stepped 
mold insert by using hot embossing and aligned X-ray lithography. Figure 2.2.1 shows the 
schematic of their fabrication process. The details of the process can be found elsewhere [20], in 
brief they are discussed as below. In first step X-ray lithography was used to pattern the resist, 
followed by electroplating Ni into it to make the mold insert. This mold insert was used to 
pattern first level on another substrate using hot embossing. This substrate was exposed by X-ray 
lithography to pattern and fabricate the level on it. This was followed by electroplating of Ni to 
fabricate the two level mold insert. 
 
Figure 2.2.1 Schematic of process combination of x ray lithography with Electroforming. 
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Figure 2.2.2 Two-step Ni mold insert 
Figure 2.2.2 shows the fabricated two level mold insert with 250µm thick (level I) and 270µm 
thick (level II) with rectangular columns of 150µm in length and 30µm separation gap.  
2.2.2. Multiple Aligned X-ray Lithography 
Morris et al [21] had demonstrated the fabrication of multi-level mold-inserts, by 
multiple aligned X-ray lithography. In this they were forming 3D latent images employing 
stacking of each planar-exposed latent images. They had fabricated the mold insert shown in 
figure 2.2.4 and it had two level patterns with first level (500µm thick) and second level (75µm 
thick). 
The schematic of the fabrication process, figure 2.2.3, show the details of process of 
achieving multi-levels by repeated resist application and exposures without intermediate 
development, which is discussed in brief as below. They expose first layer of resist and then 
without developing it they spin second layer and expose that one also. Then they spin next layer 
of resist and repeat patterning by aligned X-ray lithography. Finally, exposed layers are 
developed in one single step followed by electroplating to fabricate the mold insert. Non uniform 
distribution of exposure dose at interface of resist layers leads to rough surface finish.  
Level II (270 µm) 
Level I (250 µm) 
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Figure 2.2.3 Schematic for repetitive stacking of exposed resist layers 
 
Figure 2.2.4 Two level mold insert  
2.2.3. X-ray Lithography with Planarization 
Schmidt et al [22] and S. Massoud Ansari et al [23] proposed a method to fabricate multi-
level microstructures, employing aligned multiple exposures along with planarization. In this 
study they had fabricated two level mold insert, figure 2.2.6, shows gears with minimum 
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dimension of 30µm and height 160µm and 120µm. The schematic of process fabrication is 
demonstrated in figure 2.2.5. In brief, the process is described as below. 
The process starts by exposing first layer of PMMA resist to x-rays using first mask 
containing alignment marks that will be patterned into the substrate for subsequent alignment. 
This was followed by developing the resist and electroplating to fill the patterned areas with 
metal. Later, polishing of resist/metal surface was performed to planarized it and prepare it for 
depositing second layer of resist. The second resist layer was then exposed with second x-ray 
mask aligned with respect to patterned alignment marks in first resist layer.  
 
Figure 2.2.5 Schematic of aligned multiple exposures 
 
Figure 2.2.6 Micro gear wheel for a micro gear unit 
Level II (160 µm) 
Level I (120 µm) 
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Tao Wang et al [24] modified the above process slightly and used it to fabricate 
monolithic multi-level HARMs for ferromagnetic devices built on silicon wafers using aligned 
X-ray lithography in combination with electro-deposition. They did not planarized the 
electroplated parts, however they had stripped the first layer resist after electroplating and 
deposited a fresh resist from the bottom of the substrate followed by lithography. The two level 
microstructure fabricated is shown in figure 2.2.8 and shows the post 75µm post with 10µm 
diameter. The schematic of fabrication process is shown in the figure 2.2.7. In this study the the 
two level devices fabricated were Ni-Fe posts and Au circuit. Even though this process was used 
for fabricating microstructures, it can also be used for fabricating multi-level mold inserts by 
using a suitable robust metallic substrate and electroplating on it the required multi-level 
structures. 
 
 
Figure 2.2.7 Schematic aligned X ray lithography and electro deposition 
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Figure 2.2.8 Two level microstructures with Ni-Fe posts surrounded by Au loops. 
2.2.4. X-ray Lithography Using Stepped Absorber Structures 
Cabrini et al [25] demonstrated the fabrication of stepped patterns on Si substrate, figure 
2.2.9b by X ray lithography using X-ray mask with stepped gold absorber structures, figure 
2.2.9a. In this study silicon nitride membrane X-ray mask is used, which contains different gold 
absorber grating patterns with 2µm pitch and are each dimensioned to 200x200µm
2
. X-ray 
exposures were performed using the mask on 1.6µm PMMA on silicon substrate.  
    
Figure 2.2.9 (a) Varying gold absorber patterns on Silicon nitride (b) Exposed PMMA patterns 
with varying heights 
Level II (75 µm) 
Level I (10 µm) 
(a) (b) 
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This approach achieves multi-level patterns in a single exposure. However, patterns 
fabricated by this approach resulted in cleaved surfaces, material stress cracks and extreme 
rounded structured edges. Thicker resist cannot be patterned using this process as better well 
defined patterns are not possible due to diffraction effects of different absorber heights. 
2.3. Fabrication Using Combination of LIGA with Micromachining Process 
The limitation of structuring multi stepped high aspect ratio microstructures by multiple 
deep x-ray lithography and structural features attainable by milling of brass metals are 
overcomed by using combination of LIGA with micro milling, which was first used by the 
researchers at Karlsruhe Research center, Germany.  
Muller et al [26] demonstrated the above technique to fabricate stepped micro optical 
benches using silicon substrates that were structured either by wet chemical etching or by micro 
machining process. J Fahrenberg et al [27] fabricated multi-level micro valve positioning system 
using combination of LIGA process with micro machining by employing copper as the base 
substrate. The fabrication process is described as below.  
                  
Figure 2.3.1 (a) SEM image after deep X-ray lithography (b) SEM image of machined fluid 
platelet. 
Process starts with depositing epoxy on top of copper substrate which has chemical 
resistance to X-rays exposures. The top of epoxy was deposited by 100 nm of gold layer as a 
Level III 
200µm 
Level II 
60µm 
(a) (b) 
Level I 
2.5mm 
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seed layer for bonding PMMA on top of it. Milling was performed to the depth of copper 
substrate making the first level. X ray lithography was performed on PMMA and subsequent 
electroforming generating the second level. Third level was incorporated by another mechanical 
machining process of drilling to produce alignment pins for the system. The outer diameter of 
micro valve system is 2.5 mm. First level consists of different types of orifices with diameter 
300µm and 150µm (2.5mm thick). Second level was formed by small walls 60 µm in height and 
50 µm wide shown in figure 2.3.1b. The third level, consisting of two alignment pins, about 200 
µm high, figure 2.3.1a.  
 
 
Figure 2.3.2 (a) Mold inserts for Actuator element (b) Mold insert of fluid guiding platelet (c) 
molded part of actuator element (d) Mold insert of guiding platelet.  
(a) 
(c) 
(b) 
(d) 
Level I 
250µm 
Level II 
50µm 
Level II 
50µm 
Level I 
250µm 
Level I 
200µm 
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Using the same process combination, a positioning prototype system for medical 
applictaion was fabricated with 2 and 3 level of micro structures by Ruzzu et al[28].The mold 
insert and respective molded elements of actuator and fluid guiding platelets are shown in the 
figures 2.3.2a-d. The actuator element consists of two levels at 250µm and 50µm height, figure 
2.3.2a and the fluid guiding platelet contains three levels at 250 µm, 300 µm and 450 µm, figure 
2.3.2d.  
Since the above processes selection were application driven, the structural features 
patterned were simple and aspect ratios less than or equal to 15 were reported, suggesting the 
limits of fabricating high aspect ratio tall structures using process combination were not 
explored. Therefore, a research was initiated in the Microfab group at Center for Advanced 
Microstructures and Devices (CAMD) with the intention to fabricate multi-level, high aspect 
ratio, complex tall structures. Holgar Wagemanns performed a preliminary study [29] to 
fabricate a mold insert blank using the combination of micro milling and X-ray lithography. In 
this study, a graphite test mask-II was fabricated with various complex varying packing density 
(densely and relatively loosely packed) microstructures. This mask was used to fabricate the 
  
Figure 2.3.3 100µm posts on copper substrate with varying aspect ratios. 
blanks and the results showed the successful development of multi-level with varying aspect 
ratio structural features on copper substrate, figure 2.3.3. A reasonable adhesion of different 
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aspect ratio microstructures with good pattern quality onto copper substrate was achieved. He 
also reported that in this figure, the dark colored spots resulted from the air bubbles that were 
trapped during bonding PMMA to substrate using the bonding solution. Figures 2.3.4 and 2.3.5 
shows the results he obtained by performing single layer studies on Si substrate using the same 
mask and demonstrated successfully good adhesion up to aspect ratio of 20 for 10µm posts 
(figure 2.3.4) and the 20µm posts with aspect ratio of 30 (figure 2.3.5) were beginning to 
debond. 
Therefore, this study demonstrates successfully, feasibility of fabricating multi-level, 
complex, high aspect ratio microstructures on milled copper substrate. However, in this study 
there were issues that were observed and are needed to be addressed. Some of the issues that 
need to be addressed are the burr formation and oxidation of Cu during micromachining process 
as complex multi-levels are being machined demanding longer machining time, adhesion of 
resist to substrate and retaining of high and lower aspect ratio microstructures which can be 
addressed by surface modification of substrate to improve bond strength to resist and by using 
minimum bottom dose to reduce the effect from secondary radiations resulting from higher 
exposure doses. 
  
Figure 2.3.4 10µm posts with AR-20 on Si        Figure 2.3.5 20µm posts with AR-30  
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2.4. Summary and Motivation 
 The review of the literature shows that among the different techniques, X-ray lithography 
in combination with micro-milling has the best potential to fabricate complex, high aspect ratio, 
multi-level mold insert. The studies using this combination demonstrated fabrication of multi-
level microstructures with aspect ratio up to 30 and lateral dimensions down to 10µm. However, 
keeping the present and future demand in view it would be great to fabricate such structures with 
higher quality and aspect ratios. The concentration of the present study would be to address some 
of the issues faced in earlier study [29] and to fabricate high quality multi-level mold insert using 
combination of deep x-ray lithography and micro milling with high aspect ratios complex 
microstructures greater than 30. 
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Chapter 3 
Objectives 
The overall aim of the study is to fabricate multi-level mold insert with complex densely packed 
quasi 3 dimensional microstructures high aspect ratio micro structures using the combination of 
micro machining process (to fabricate macro-sized structures) with X-ray lithography (to 
synthesize micro sized structures on the machined structures). 
The specific areas of focus in the present research are 
1. Adhesion between resist and substrate. This is addressed by choosing the suitable 
substrate and surface modification 
2. Multi-level high aspect ratio microstructures with AR >30 
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Chapter 4 
Experimentation 
The present chapter will discuss the experimental techniques that were employed in this research 
along with the theory and some details of the X-ray lithography which is a powerful well known 
technique for fabricating small and tall high aspect ratio micro structures. In the beginning is 
presented the various substrates that can be used and the selection criteria in choosing the 
substrate for this research. 
4.1. Substrate Selection  
 The primary or base substrate selection for x-ray lithography process is based upon high 
bond strength between resist and substrate, good electrical conductivity enabling electroforming 
of metals to fabricate the mold insert and minimum secondary radiations that typically can lead 
to degradation of bond strength during exposures and washing away of structures during the 
development process. Additionally, the base substrates should possess good machinability and 
selective etching over nickel (commonly used electroplating material in LIGA technique) a 
requirement for fabrication of multi-level mold insert.  
Commonly used base substrates for x-ray lithography process are aluminum, austenite 
stainless steel, silicon, copper, beryllium, gold, vitreous carbon, titanium or nickel. Among these 
substrates beryllium is known for its toxicity therefore due to handling hazards was not 
considered as a substrate. All the other materials are electrically conductive with minimum 
conductivity of that of silicon. Silicon is typically coated with a conductive layer that has as well 
a good adhesion with the resist. The adhesion of the other substrates to the resist is addressed by 
surface modification. However, vitreous carbon is a difficult material with respect to adhesion 
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and therefore was also not chosen. The graphite could have been another substrate but to supply 
issues and/or cost with high quality low porosity substrate this was also not selected. Then nickel 
and zinc are also not chosen because of their relatively poor machinability compared to that of 
copper [30]. Among the two substrates left aluminum and copper, copper is chosen because 
aluminum cannot be selectively etched over nickel [31]. 
In CAMD we typically/commonly use silicon coated with titanium oxide (TiOx) as a 
substrate material for thick PMMA resist for X-ray lithography due its proven excellent adhesion 
strength to the resist. Therefore, in this study we have also used Si with TiOx as a standard 
substrate to compare the adhesion strength of resist to the substrate. The multi-levels in this case 
are fabricated by machining of the resist. 
4.2. Process Schematics 
The schematic of fabrication process using the combination of X-ray lithography with micro 
machining for copper substrates is shown in the figure 4.2.1 and that of silicon (Si) substrate in 
figure 4.2.2 with details as below.  
Both the process starts with preparation of the substrate. Here the steps are discussed in brief and 
the details will be provided/ discussed later. In copper first it is electroplated in house and then 
this is bonded to the Si substrate. From this step onwards two methods were employed (4.2.1a 
and 4.2.1b) to fabricate the mold insert blank, one of them (4.2.1b) was in which instead of 
copper (Cu), resist was machined to directly compare it to that of Si. In this method copper 
surface is modified similar to that of Si to improve the adhesion of resist to the substrate. This is 
followed by PMMA bonding to the substrate using bonding solution and then the PMMA is 
micro-machined to fabricate multi-levels. Now, the resist is exposed by X-rays using the X-ray 
mask along with apertures to provide equal bottom dose. Finally the resist is developed and then 
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the dried substrates are studied using different techniques. In 4.2.1a the electroplated Cu was 
machined to make multi-levels and then the steps are same as that in 4.2.1b, except for that here 
the X-ray exposures were performed using the counter replicated structures. 
 
 
 
Figure 4.2.1 Process schematic for Copper Substrates 
Surface 
modification 
PMMA bonding 
Machining 
PMMA  
Method I: 
Counter 
Replicated 
Structures 
Machining 
Copper  
Surface 
modification 
PMMA  
Bonding 
Method II: 
Aperture 
Exposures 
Copper substrate 
(Electroplated and bonding to Si) 
              
X-ray 
Exposures 
X-ray 
Exposures 
(a) (b) 
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Figure 4.2.2 Process Schematic for Silicon Substrates 
4.3. Copper Plating and Substrate Preparation 
Copper discs are prepared by electroplating at Center for Advanced Microstructures and 
Devices (CAMD-LSU) using in-house built plating station shown in the figure 4.3.1. The 
electrolytic bath composition consists of copper sulfate, sulfuric acid and chloride ion. The 
content of each constituent is kept within the range as given in table 4.1 and the nominal 
composition is 200 gm/l of copper sulfate, 75 gm/l of sulfuric acid and 50 ppm chloride ion. The 
copper discs were electroplated using the current density ranging from 10 to 15mA/cm
2
 to keep 
Silicon substrate with 
Titanium Oxide layer 
PMMA bonding 
Machining PMMA  
Method I: 
Counter Replicated  
Structures 
 
Silicon Substrate 
Method II: 
Aperture Exposures 
              
X-ray Exposure 
X-ray Exposure 
Titanium Oxide layer 
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the stresses low. The diameter 86mm of the disc was big enough for our experiments and was 
determined by the opening in the jig that was employed for electroplating them. 
 
Figure 4.3.1 In house built Copper Electroplating station at CAMD 
Table 4.1: Composition of Copper electrolytic bath 
Composition Range 
Copper sulfate 150-225 gm/l 
Sulfuric acid 52-90 gm/l 
Chloride ion 25-80 ppm 
 
The thickness of the discs ranged from 500µm to 600µm obtained by plating for the duration of 
30-45 hours. It is typical in electroplating the large thickness samples in conventional plating 
stations to have large variation in thickness, which was taken care of by planarization of the discs 
(by fly-cutting, discussed in next section) after they are bonded to the silicon. The bonding was 
done because the resulting electroplated copper disc thickness was not rigid enough for handling 
them during the subsequent steps. Further for X-ray exposure step typically 4” wafer size is 
preferred and by bonding to the Si wafer of 4” diameter we did not have to redesign a new jig for 
electroplating 4” Cu discs. The discs were attached to the Si wafer using 3M scotch material glue 
and after spraying the glue and attaching them they were dried under a press with pneumatic 
pressure of 40-60 psi for duration of 12-16 hours. 
Pump 
Electrolytic bath 
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Standard silicon substrates 0.5 mm thick and 4” diameter are commonly used as substrate 
material in CAMD, because of its mechanical stability, feasibility of integrating sensing and 
electronics into single substrate, equipment designed are in accordance with standard 4” wafers.  
4.4. Micro Machining Process 
Initially, electroplated Cu discs bonded to 4” diameter Si wafers are planarized to 350µm 
using Precitech NMS-1000 flycutting machine. Precitech has leveling abilities of ±5 microns 
over 4" diameter substrates [32]. The operating parameters employed for planarization of Cu 
discs are: depth of cut ranging from 20-50µm for initial cuts and 5-15μm for final finishing, feed 
rate ranging from 1-3mm/min and spindle rotation speed ranging from 1000-2000 rpm. Similar 
parameters were used to machine multi-levels in this planarized Cu discs. The samples in which 
the multi-levels were obtained by machining the resist bonded to the substrate were prepared by  
 
Figure 4.4.1 Precitech Fly cutting machine 
two methods: flycutting and micro-milling. The flycutting machine parameters for incorporating 
multi levels (3) into PMMA, shown in figure 4.4.2a, are: depth of cut ranging from 10-100µm, 
feed rate ranging from 1-5mm/min and spindle rotation speed ranging from 1000-2000 rpm. The 
counter replica structures for X-ray lithography were fabricated into PMMA discs planarized to 
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300µm and three levels of 100, 200 and 300µm using the same parameters. The bonded PMMA 
on substrates that are processed by micro-milling machine was planarized to 550μm height with 
reference to top surface of substrates using Precitech. Diamond tip tool bit has been used for all 
the above substrates. Since complex contours can’t be fabricated using Pre- 
  
Figure 4.4.2 (a) Designed thickness to pattern three levels (b) Designed feature depths for six 
celled structures 
citech fly cutting machine, micro milling machine (KERN MMP 2522, KERN Micround 
Feinwerktechnik GnbH & Co. Germany) at Louisiana State University (LSU) was used to 
fabricate square unit cells, shown in figure 4.4.2b, little bigger than corresponding to the unit 
cells of x-ray mask design (2 x 2cm) which will be discussed in detail in section 4.7.2. This 
machine is capable of achieving positioning and repetition accuracy of ±1µm, capable of using 
multiple micro milling tools (available tools down to 25µm radius) in hardened steel, ceramics, 
plastics and other exotic materials and milling of microstructures with aspect ratios exceeding 
10:1 [33]. Resulting planarized substrates are processed for milling process to depths of 50μm, 
100μm and 150μm from planarized surface to produce correspondingly 500μm, 450μm and 
400μm depth PMMA microstructures from substrate surfaces. Two cells were milled down to 
same depth for each of the three, thereby providing more microstructures for analytical purposes. 
Top surface 
-100µm thick 
-200µm thick 
 
   
   
Top surface 
-50µm -100µm -150µm 
-50µm -100µm -150µm 
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Also, 200µm deep alignment marks were milled for aligning the x-ray mask with the substrate. 
Operating parameters of 150-250 mm/min depth of cut with 1 mm diameter cutting tool at speed 
of 3000-4000 rpm for unit cells and 0.100 mm diameter-cutting tool at 2000 rpm speed with 30 
mm/min depth of cut for alignment marks were employed.  
4.5. Surface Modifications 
Since, PMMA is known for relatively poor adhesion to polished or smooth metal surfaces 
therefore surface modification is required to improve bond strength between substrate and resist. 
This can be achieved physically by roughening the substrate using micro grit blasting or 
chemically by oxidation of the metallic surface. In the present study only chemical method was 
explored because it has been reported in the literature that PMMA developer attacks the Cu 
surface. Oxidation of copper creates rough black non-conducting and porous oxide layer [34]. 
Since, oxide layer is porous therefore during developing in the low aspect ratio areas once 
PMMA is completely developed and while the exposed PMMA in high aspect ratio areas is still 
being removed the developer may attack the Cu below the oxide layer in low aspect ratio areas 
and could lead to adhesion loss to especially small microstructures.  
Therefore, in order to make the process more robust and to prevent the impact of 
developer on black oxide layer (porous), two types of coatings, titanium and Cr/Au, commonly 
employed in LIGA process were explored by depositing them on oxidized Cu. Titanium is 
routinely deposited to 2-3µm and oxidized on silicon substrates at CAMD, which improves 
adhesion of PMMA to silicon, and also is a conductive layer [35] enabling high quality 
electroplating on the Si substrate. However, the oxidation of Ti after deposition on copper oxide 
may make TiOx layer also porous and may not protect the Cu below the porous copper oxide 
layer. The typical deposition of Cr/Au layer is 50 nm Cr and 100 nm Au but not oxidized. 
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Therefore, it may be able to give better protection to underlying Cu. Even though PMMA to Au 
the adhesion is not good, the philosophy here was that the high roughness of copper oxide might 
be enough to provide a good adhesion physically. 
4.5.1. Copper Oxidation 
Composition of oxidizing reagents for copper is provided in table 4.2. The nominal 
composition of the oxidizing bath was 58 g/l sodium chlorite, 68 g/l of sodium hydroxide, 11 g/l 
of sodium carbonate and 4 g/l of sodium chloride.  The reagents are proportionately mixed to 
make 2 liters bath and the solution was contained in a beaker, heated on a hot plate to a 
temperature maintained within the range of 90 to 100
o
C and is magnetically stirred to ensure 
uniform temperature and composition all throughout the process ( setup shown in figure 4.5.1).  
 
Table 4.2.Composition of Copper oxidizing reagents 
Composition Range 
Sodium chlorite 55-60 g/l 
Sodium Hydroxide 65-70 g/l 
Sodium Carbonate 10-12 g/l 
Sodium Chloride 4-5 g/l 
DI water 1 lit 
 
The planarized and/or multi-level cu disc samples were immersed in caustic oxidizing solution 
until entire exposed copper surface was completely transformed into the black oxide of copper. 
The samples were then washed with de-ionized water and dried in an oven at 100
o
C for duration 
of 2 hrs. The black oxide layer was protected once it is formed and before the PMMA is bonded 
to avoid any non-uniformity and/or damage to it.  
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Figure 4.5.1 Setup of Copper Oxidation 
4.5.2. Ti Deposition and Oxidation on Copper and Silicon Substrates 
Titanium thickness of 2µm was deposited on top surface of black oxide copper substrate 
and silicon substrates by electron beam evaporation, a physical vapor deposition process using 
Temescal BJD-1800 E-Beam Deposition System at CAMD, shown in figure 4.5.2[36]. The 
system is fully automated with a capacity of holding 6 different targets, capable of running pre-
programmed steps, maximum output power of 10kW and a emission voltage of 4-10kV with 
vacuum capabilities of 10e-7 torr and evaporation rate of 25,000 A
o
/min of aluminum at a 10" 
source to substrate distance. 
 
 
Figure 4.5.2 Temescal BJD-1800 E-Beam Deposition System 
Copper Oxidizing  
Reagents 
Stirrer and 
heater 
Sample holder 
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The oxidation of deposited Ti is performed using wet chemical process and compositions 
of oxidizing reagents are sodium hydroxide, hydrogen peroxide and DI water. The samples are 
completely immersed until the dark colored oxidized Ti is observed. 
4.5.3. Deposition of Cr/Au on Oxidized Copper Substrate 
50 nm Cr and 100 nm of Au are deposited on top surface of black oxide layer copper 
substrates using Temescal BJD-1800 E-Beam Deposition System described in 4.5.2.  
4.6. PMMA Bonding 
The PMMA [37] (AIN plastics, Mount Vernon, NY) 1.7mm thick and 8.6cm diameter 
wafers were machined from sheets. These were cleaned using a soap solution and DI water and 
annealed at 95
o
C. The temperature ramping up and down was performed at a slow rate and held 
at 95
o
C for 2 hrs and the whole process was for duration of ~18 hours in conventional horizontal 
oven at CAMD to relieve any internal stresses before been bonded to substrates. These annealed 
wafers were bonded to the pre-structured and oxidized copper substrates, planar oxidized copper 
substrates, Ti deposited copper oxide substrate, Cr/Au deposited copper oxide substrates and 
Oxidized titanium on silicon substrate surfaces using standard PMMA bonding solution.  
The process of preparation starts by using a premix of PMMA powder and MMA 
solution (15% PMMA by weight) and adding the 1.5% BPO to it which acts as hardener. Then, 
1% MEMO is added as adhesive promoter and finally 1% DMA is added when we are ready to 
use the solution as this acts as the polymerization starter. The working time after adding DMA is 
~10 minutes. The above constituents are mixed thoroughly and degassed to remove oxygen, 
which is polymerization inhibitor for 2-3 min at 100-200mtorr pressure. 
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Figure 4.6 Pneumatic press for bonding PMMA to substrates 
1-3 ml of degassed solution is added on to the patterned side of substrate surfaces and 
thick PMMA wafers were mounted on the wafer surface. During this process precautions were 
taken to ensure no air bubbles were entrapped in glue during transfer of glue to the substrate and 
when PMMA wafer is mounted on the substrate with the glue. The whole setup was kept under 
pressure (using a pneumatic press, figure 4.6) of 40-60 psi for duration of 12-14 hours at room 
temperature.  
4.7. X-ray Exposures 
4.7.1. Dose Calculation 
The PMMA resist in this study was exposed using the graphite X-ray mask (Test Mask-
II) on XRLM1 beamline of CAMD/LSU [38]. The amount of dosages required for exposures are 
calculated taking into account the source, beamline, mask details and sample parameters [39,40]. 
Researchers at Institute of Micro Technology (IMT), Germany have developed software tool 
called DoseSim v3.2 which is user friendly and easy to operate [41]. The software program has a 
database that contains all the technical details of X-ray micro machining XRLM1 beam line at 
CAMD. This beam line has two beryllium front windows of 100µm and 120µm which transmits 
band pass spectrum in between 2-7 KeV (10 keV @ 1.3 GeV). The beam line is equipped with 
DEX02 scanner (Jenoptik GmbH, Jena, germany) which has the capability of rotating, tilting and 
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aligning exposures located at 10.35 m from the source point. This scanner has maximum vertical 
scan length of 100mm and maximum velocity of 50mm/sec.  
The other exposure parameters are entered by the user and using all this information the 
software generates the amount of exposing dose (mA-min/cm) along with top dose (J/cm
3
) and 
dose ratio. Relevant parameters for dose calculation are source (machine parameters such as 
electron energy, radius of curvature of bending magnet, magnetic field strength of dipole magnet, 
distance source-point – scanner); front-end-window material and thickness; filter material and 
thickness; mask membrane material and thickness; filter material and thickness between mask 
and resist; vacuum chamber gas and pressure; resist material and thickness; bottom dose.  
The following text and screen snapshots of the software’s graphic user interface (GUI) 
will guide through the procedure of calculating the exposure parameters. The starting point are 
the boundary conditions known from literature [42] that there is a minimum bottom dose (to 
sufficiently breakdown the PMMA long molecular chains to selectively remove it chemically 
over unexposed resist) ranging from 2.5-4 KJ/cm
3
. Also, at the same time the top dose should not 
exceed a certain value (depending upon the resist thickness ranging between 8-20KJ/cm
3
 [42]) to 
prevent foaming and bubble formation in the exposed region of the resist. This is so that the 
exposed area does not expand too much and lead to stressing of the nearby unexposed region. 
Process of dose calculation is illustrated by the screenshots of software Dosesim v3.2.  
The first figure 4.7.1 illustrates the GUI requesting input of the beamline data. The 
critical data are summarized at the top and the photon flux as a function of wavelength is 
illustrated in the graph below. The entry of the used front-end-window material and its thickness 
are fed into the software in second GUI shown in figure 4.7.2. The lower portion of the screen 
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shows the parameters for the optics if mirrors are installed in the beamline and used for 
exposures (this is possible at XRLM1 but not required for the work in this thesis). 
  
Figure 4.7.1 GUI illustrating the entry of beamline data 
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Figure 4.7.2 GUI showing the entry of front end window and its thickness 
 The third GUI shown in figure 4.7.3 is to incorporate information on the filters if 
user wants to use it. Here user needs to give information of both filter material and its thickness.  
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Figure 4.7.3 GUI showing the entry of used filters 
 
Figure 4.7.4 GUI illustrating the details of exposure: Information about Mask membrane, 
additional filter, Type of resist and its thickness and bottom dosage J/cm
3
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In the last GUI shown in the figure 4.7.4, details of exposure:  mask material (Carbon) 
and thickness 120µm, additional filters placed between mask and substrate (material kapton and 
thickness 25µm), details of gas used in the chamber (He) and pressure (110mbar), and details of 
resist type (PMMA in present study) and its thickness were fed into the software. After entering 
the desired bottom dose in J/cm
3
 the program calculates the total exposure dose in mA.min/cm. 
This value will be entered into the beamline software as desired dose and exposure is performed 
automatically till this dose amount is received by the substrate. The dose profile obtained from 
software, Fig 4.7.5, shows the amount of dosage received by resist at different heights.  
Figure 4.7.5 Dose profile for 500µm thick exposed with bottom dosage of 3000J/cm
3
 
4.7.2. Graphite X-ray Mask Design  
The x ray mask used in this study is the mask fabricated and used in previous study 
.Figure 4.7.6 shows the schematic of the X-ray mask which has 6 identical cells each of 
dimension 18 x 18 mm on it. The 6 cells provide analytical and statistical information while 
34 
 
analyzing the substrate, mold insert blank and/or mold insert. The AutoCAD drawing showing 
the pattern of each unit cell is also shown in figure 4.7.6. The design incorporates different 
patterns to fabricate complex mold insert including positive structures (i.e. poles) and negative 
structures (i.e. holes). The pattern consists of array structures of hexagons, circles and rectangles 
with the width of the side of these structures ranging from 10µm to 100µm. These structures 
were separated by varying the gap between them ranging from 10µm to 200µm. For example, 
figure 4.7.7a shows the hexagon pattern with their side length 10µm and the gap between them 
also 10µm (10-10H). Some of the other interesting microstructures in the design are also shown 
in figure. 4.7.7, for example grating structures of 25µm length with varying widths of 5µm, 
10µm and 20µm, gear structures with ~26µm tooth width and the rectangular patterns of varying 
dimensions and the gap.  
 
 
 
Figure 4.7.6 The Auto-cad drawing of the X-ray mask design and respective unit cell  
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Figure 4.7.7 (a) Hexagon pattern with side length 10µm and 10µm gap  
(b) Grating Structures 25µm length with varying widths 
  
                      
Figure 4.7.: (c) Different rectangular structures with varying width and height  
(d) Gear Structures 
          
4.7.3. Dose Screening  
Two silicon with TiOx and PMMA bonded (flycut to 100µm and 500µm) and two Cu with 
top oxide layer and PMMA bonded (flycut to 100µm and 500µm) were processed for bottom 
dose screening. The two thicknesses encompass the whole range of resist thickness for the 
present study. Each of these 4 wafers was processed using 4 different bottom doses: 2500, 3000, 
3500 and 4000 J/cm
3
. The bottom dose covers whole range of exposure dose typically used in 
exposing PMMA. The schematic of exposing only 4 cells of the X-ray mask on each these 
wafers with dose from 2500-4000J/cm
3
 is shown in figure 4.7.8. The unit cell number 01, 02, 04 
and 05 of x-ray mask are chosen for x-ray exposure, as microstructures critical for present study 
(a) (b) 
(c) (d) 
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10-10H were best on these 4 cells. Initially we expose all the 4 cells with a bottom dose of 2500 
J/cm
3
, figure 4.7.8b, this was done by covering the other two cells on the mask using the aperture 
controlled through the software. Then, cells 02 and 05 were further exposed with additional 500 
J/cm
3
 bottom dose, figure 4.7.8c. Finally cells 04 and 05 were further exposed with additional 
1000 J/cm
3 
bottom dose, figure. 4.7.8d. This gives cell 01, 2500; cell 02, 3000; cell 04, 3500 and 
cell 05, 4000 J/cm
3
 bottom dose. 
 
Figure 4.7.8 (a) Exposed cells and respective bottom dosages on the substrates.  
(b) Exposure Step 1: Four cells are exposed to 2500J/cm
3
 bottom dose. 
 (c) Exposure Step 2: cell 02 and cell 05 are exposed to 500J/cm
3
 bottom dose.  
(d) Exposure Step 3: cell 04 and cell 05 are exposed to 1000J/cm
3
 bottom dose. 
These substrates were mounted in the specimen chamber of beam line XRLM1 along 
with the X-ray Test Mask-II and all the three exposures with different position of the apertures 
(controlled by the software) were performed without breaking the vacuum, as shown in the 
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schematic in figure 4.7.8. The exposure details for dose scanning experiments on the 4 samples 
are provided in table 4.7.3.
 
Table 4.7.3: Exposure details for dose verification 
Parameters Copper oxide 
Substrate I 
Copper oxide 
Substrate II 
Silicon 
Substrate I 
Silicon 
Substrate I 
Exposed 
Thickness (µm) 
100 500 100 500 
Proximity Gap 
(µm) 
150 100 100 100 
He pressure 
(mtorr) 
110 110 110 110 
Bottom Dosages 
(J/cm
3
) 
2500,3000, 
3500,4000 
2500,3000, 
3500,4000 
2500,3000, 
3500,4000 
2500,3000, 
3500,4000 
Exposing dosage 
(mA.min/cm) 
(Real) 
2979.8, 
495.76, 
992 
7734.2, 
1546.8, 
3093.8 
 
2979.8, 
495.76, 
992 
7734.2, 
1546.8, 
3093.8 
 
4.7.4. Multi-Level Substrate Exposures 
Based on dose screening experiments we have determined a suitable bottom dose that we 
will be using in all the multi-level exposures. From the previous study [29], PMMA bonded to 
micromilled copper substrate and exposed with a single top dose (different bottom doses at 
different levels of microstructures) showed incomplete development of lower bottom dose (2500 
J/cm
3
) microstructures and significant loss of structures with higher bottom dose, especially the 
low aspect ratio. In the present study in order to address this issue and make the process more 
robust in terms of minimal loss of high aspect ratio relatively short structures with a possibility 
of overdeveloping due to longer developing required for taller structures, equal bottom dose at 
multi-levels was used.  
In the present research, two different methods were used to obtain equal bottom doses for 
multi-level. In the first method, sacrificial counter replicated PMMA structures were fabricated 
as mirror image of the substrate and flipped while assembling; setup is shown in figure 4.7.9. 
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These counter replicated structures serves as additional filters and therefore increase exposure 
time, which is not preferable. However, this is a powerful technique for multi-level exposure 
with equal bottom dose because any feature milled in the substrate can be replicated in the 
counter replica resist. This replica resist is aligned on the machined substrate by physically 
aligning the counter replica patterns in both of them, figure 4.7.9. 
 
Figure 4.7.9 Assembly of counter replicated structures to pre-structured substrate. 
In the second method, apertures are used for obtaining equal bottom dose while exposing 
substrates with multi-level. This is similar to the method discussed earlier in section 4.7.3. 
Apertures are basically two stainless steel rectangular plates, in horizontal as well as vertical 
direction. However, in this technique the aperture which are between the beam and the mask are 
separated from the mask by several mm. Therefore due to diffraction this method has limitation 
of alignment to several 10s of microns thereby can be used mainly only for macro sized multi-
levels. Further, when using the graphite (opaque) based mask the alignment is passive therefore 
it can be accurate only to several hundreds of micron. Also, this can be time consuming if there 
are several multi-levels on each substrate due to exposure of each of them to be performed 
separately. The alignment of the substrate to the mask was performed by using the machined 
alignment marks in the substrate and aligning them to the alignment marks (through holes in the 
graphite) on the mask. In the present study the alignment marks on the mask were two crosses 
and two square shaped through holes milled in the graphite and respective alignment marks were 
machined into the substrates. Optical microscope was used to align the substrate over the mask 
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followed by attaching the aligned substrate to the mask by tape and this is similar to the methods 
used for alignment by other researchers [
43
,
44
,
45
].  
4.7.4.1. Exposures Using Counter Replica Structures 
Three different heights (100µm, 200µm and 300µm) were machined by Precitech on 
PMMA bonded to surface modified Cu and Si substrates. The parameters for 4 substrates (3 
copper substrates and 1 Si substrate) exposed using counter replica structures were similar to that 
as discussed in dose scanning experiments in section 4.7.1, and are presented in Table 4.7.4.1. 
Assembled substrates had a total exposing thickness of 400µm because an extra 100µm is there 
to support the counter replica free standing resist.  
Table 4.7.4.1: Exposure details using counter replicated structures 
Parameters Copper 
Substrate III 
Copper 
substrate IV 
Copper  
Substrate V 
Silicon  
Substrate III 
Type of substrate Oxidized 
copper 
Ti deposited on 
oxidized copper 
Cr/Au on  
oxidized copper 
Silicon 
substrate with 
TiOx 
Real Exposed 
Resist  
thickness (µm) 
100,200,300 100,200,300 100,150,200 100,200,300 
Actual Exposed 
Resist 
Thickness (µm) 
400 400 300 400 
Bottom dosage 
 (J/cm3) 
2997.6 2997.6 2997.4 2997.6 
Top to Bottom 
 ratio 
2.5 2.5 2.9 2.5 
 
Exposure Dosage  
(mA.min/cm) 
7367.2 7367.2 5683.2 7367.2 
A kapton foil of 25µm thick was placed between mask and substrate to protect the mask 
from the substrate in the event of unexpected foaming of resist during exposure. Shims are 
placed at the edge of the Si and not on PMMA resist with the intention of making a small gap 
between the mask and substrate to avoid the mask from touching the substrate. 
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4.7.4.2. Exposures Using Apertures 
One substrate each of Cu and Si substrate was exposed using apertures. Both of them had 
three different PMMA thicknesses (400µm, 450µm and 500µm) obtained by micromilling.  The 
exposure setup for copper and silicon substrate are shown in figure 4.7.10, showing the graphite 
x-ray mask mounted in a fixture along with a kapton foil taped on it and loaded on DEX 2 
scanner. It also shows the Cu substrate mounted on to the scanner with shims taped on the Si 
edges outside the Cu substrate.  
 
 
 
Figure 4.7.10 (a) DEX2 scanner with x-ray mask along with taped kapton foil and copper 
substrate. (b) Si substrate with micromilled 6 cells and 3 levels with shims taped to it on the 
edges outside the PMMA resist area.  
 
  
Copper 
Substrate 
Kapton 
Foil 
Graphite X-
ray Mask 
6 cells milled on 
PMMA of Si 
Substrate 
Shim
s 
(a) 
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Table 4.7.4.2: Exposure details using aperture exposures 
Parameters Copper substrate VI Silicon substrate IV 
Type of substrate Oxidized copper Silicon with TiOx 
Real Exposed Resist  
thickness (µm) 
 
400,450,500 
 
400,450,500 
Bottom dosage  
(J/cm
3
) 
3000 3000 
Exposure Dosage 
(mA.min/cm) 
7367.2,8294.9, 
986.1 
7367.2,8294.9, 
986.1 
 
 
 
Figure 4.7.11(a) Exposure design for 3 heights milled on PMMA of substrates 
 (b) Cell 01, Cell 02, Cell 04 and Cell 05 exposure to dose corresponding to 450µm height  
(c) Cell 01 and Cell 04 are exposed to dose corresponding to 50µm thick  
(d) Cell 04 and Cell 01 are exposed to dose corresponding to 400µm thick. 
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Exposure unit cell 
numbers 
PMMA exposure heights 
Cell 01 Cell 02 
Cell 04 Cell 05 
Cell 04 
Cell 01 
500µm 450µm 400µm 
500µm 450µm 400µm 
Cell 01 Cell 02 
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Cell 04 
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500µm 450µm 400µm 
500µm 450µm 400µm 
Cell 01 Cell 05 
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Cell 04 
Cell 01 
400µm 450µm 500µm 
400µm 450µm 500µm 
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 The exposing sequence of Cu and Si substrates with 6 micromilled cells and 3 
levels is shown in the figure 4.7.11. In the first step cells 01 and 04 (thickness 500µm), 02 and 05 
(thickness 450µm) were exposed with a total exposure dose of 8294.9mA.min/cm which is 
corresponding to 3000 J/cm
3
 bottom dose for 450µm thick PMMA resist. This is followed by 
exposure of cells 01 and 04 by an additional 986.1mA.min/cm dose thereby completing the dose 
corresponding to bottom dose of 3000 J/cm
3
 for 500µm thick resist. At this point the vacuum 
was broken and the substrate was rotated by 180
o 
before exposing the remaining two cells on 
resist of thickness of 400µm. These two cells were exposed using the cells 01 and 04 of the 
mask, with a total dose of 7367.2mA.min/cm. corresponding to 3000 J/cm
3
 bottom dose for 
400µm thick resist. 
4.7.4.3. Exposure Using Both Exposing Methods 
 One Cu substrate with CuOx layer and bonded PMMA and 3 different resist thickness 
levels of 400µm, 450µm and 500µm was exposed using both methods (explained in the section 
above) to obtain equal bottom dose. The resist was prepared by using Precitech. The exposures 
on this sample was so designed that one half of the wafer was exposed using the apertures and 
the other half by counter replica method and aperture method, schematic shown in figure 4.7.12. 
For this exposure the PMMA replica was also fabricated with multi-levels of 100µm, 150µm and 
200µm by Precitech and was cut into half, which was attached to the substrate section intended 
for counter replica exposures resulting in total resist thickness for all the 3 cells as 600µm, figure 
4.7.13. The exposures are structured in two steps and each of them will have sub-steps. In the 
first step we expose 3 cells, 2 of counter replica and 1 of aperture exposure, 4.7.13b.  
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Figure 4.7.12 Pictorial representation of copper substrate for aperture and counter replicated 
structures exposure methods. 
                        
Figure 4.7.13(a) Substrate section for counter replica structured and aperture exposures  
(b) Exposure Step 1: Sub-step 1-Exposed area and lead filter  
(c) Exposure Step 1: Sub-step 2 Exposed areas   
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Figure 4.7.14 (a) Exposed cells from step 1  
(b) Exposure Step 2, Sub-step 1: four cells are exposed 
(c) Exposure Step 2, Sub-step 2: one cell is exposed 
(d) Exposure Step 2, Sub-step 3: one cell is exposed 
 The figure 4.7.13c shows two of the unexposed cells (left most) that were protected from 
exposure by an aperture and the third cell shown by the dark colored box were blocked using a 
5mm thick lead piece. In this step the exposure was performed in two sub-steps. In the first sub-
step two counter replica structures (total thickness 600µm and without replica 450µm and 
500µm) and one aperture structure (thickness 500µm) were exposed with total dose of 9281 mA-
min/cm corresponding to 3000 J/cm
3
 bottom dose for 500µm thick resist. In the second sub-step 
only the two counter replica structure were exposed by an additional dose of 2153.7 mA-min/cm 
thereby making the total dose corresponding to 3000 J/cm
3
 bottom dose for 600µm thick resist. 
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In second step, figure 4.7.14, also 3 cells were exposed one counter replica and two apertures and 
had 3 sub-steps. The other 3 cells were blocked using the same method as in the first step. In the 
first sub-step all the 3 cells were exposed with a total dose of 7374.5 mA-min/cm corresponding 
to 3000 J/cm
3
 bottom dose for 400µm thick resist. In second sub-step only one aperture cell with 
resist thickness 450µm was exposed by an additional total dose of 928.7 mA-min/cm, thereby 
making the total dose for this cell corresponding to 3000 J/cm
3
 bottom dose for 450µm thick 
resist. In the final and third sub-step only one counter replica cell with total resist thickness of 
600µm was exposed by an additional total dose of 4069.3 mA-min/cm, thereby making the total 
dose for this cell corresponding to 3000 J/cm
3
 bottom dose for 600µm thick resist. 
4.8. Developing Process  
The samples were developed using GG developer and GG rinse formulated at the 
Institute for Microstructure technology (IMT), Germany and prepared at CAMD with the exact 
recipe shown in Table 4.8.1. The chemicals used in GG developer were 2-(2-Butoxyethoxy) 
Ethanol, Morpholine, 2-Aminoethanol and DI water, whereas that for GG rinse were 2-(2-
Butoxyethoxy) Ethanol and DI water. The exposed counter replicated PMMA structures are 
discarded before the exposed substrates were developed. The developing was performed by 
alternately exposing the sample to GG developer and GG rinse. The substrate while being 
developed was intermittently observed under microscope to ensure the sample is completely 
developed and also making sure that in the process other areas of interest were not completely 
washed off due over developing. The samples were observed under the microscope in the wet 
condition by placing them in a petri-dish with just enough water. The developed samples were 
rinsed thoroughly with de-ionized water for about 10 minutes and were hang dried under the 
hood at room temperature for duration of 12-20 hrs. 
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Table 4.8.1: Formulation of GG developer and GG rinse 
GG Developer (Concentration of contents for 1 liter of solution) 
2-(2-Butoxyethoxy) Ethanol 600 ml 
Morpholine 200 ml 
2-Aminoethanol 50 ml 
Water 150 ml 
 
GG Rinse  (Concentration of contents for 1 liter of solution) 
2-(2-Butoxyethoxy) Ethanol 800 ml 
Water 200 ml 
4.9. Removal of Copper Oxide 
 Once the sample was developed and before electroplating the non-conductive black 
CuOx layer was to be removed. In order to do that the etching solution used contained 0.5M 
HCL and 0.5M KCL. The samples were placed inside the vacuum during etching process to 
remove any air bubbles trapped inside the structures and enabling etching solution to enter all the 
areas around the high aspect ratio microstructures. Etching process was expected to be completed 
and was stopped when black oxide layer was not seen in the developed areas and the underneath 
bright and shiny Cu became visible. 
4.10. Electroplating of Nickel 
The developed three-leveled copper substrate prepared by counter replica method and 
resist thickness of 100, 200 and 300µm thick was electroplated in Nickel Sulfamate 
electroplating bath tank at CAMD. The nominal chemical composition of the electrolytic bath 
was Nickel metal content 75 g/l, boric acid 40 g/l with maintained pH of 3.7-4 at an operating 
temperature of ~45 deg C, and range of these are presented in table 4.10.1. The Nickel 
electroplating was carried out at a current density starting with 10 and was increased to 
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20mA/cm
2 
after 10 hrs. The total duration of plating was 40 hours to achieve over electroplating 
of exposed structures and obtain a shim mold insert.  
 
 Figure 4.10 Nickel Electroplating Bath Station 
 
Table 4.10.1.Composition of Nickel Sulfamate electrolyte solution 
Parameters Range 
Nickel metal content 70-80 g/l 
Boric acid ( Buffer) 35-45 g/l 
pH 4.0 
Operating temperature 45-50 
o
 C 
4.11. Etching of Copper 
The supporting Si substrate was first removed by immersing the sample in acetone bath 
for extended duration till Si got separated from Cu substrate. The base of copper substrate after 
Ni electroplating was selectively etched over Ni to obtain the mold insert. The removal of copper 
base was performed in two steps. Initially by polishing the thick Cu layer was thinned down to , 
50µm and then rest of the Cu was etched out by wet chemical process. The etching of copper 
was performed by using copper etchant solution (Copper etchant 49-1, Transene Company Inc. 
Danvers MA 01923) for duration of ~40 hours at an operating temperature of 60
o
C.  
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4.12. Metrological Instruments 
 The metrology of the substrates was carried out using Hitachi S-4500II Field Emission 
SEM. This also has an EDAX detector and can be used with accelerating voltage from 0.5 kV to 
30 kV with magnification all the way from 20x to 500,000x [46].  
 
 
Figure 4.12.1 Hitachi S-4500II Field Emission SEM with EDAX 
 
 
 
Figure 4.12.2 Tencor Alpha step 500 Surface profiler 
Tencor Alpha-Step 500 Surface Profiler, is a 2 dimensional surface profile generator. The 
samples were analyzed by this instrument to measure their surface roughness, which was 
performed by traversing a stylus scanning the surface, with accuracy of +/- 25 A
o
 for 13 um 
range [47].  
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Wyko NT3300 Optical Profiler, is typically used for measuring surface roughness, and 
the variations in topology. It has two different modes for performing measurements or analysis 
of the samples. They are vertical scanning interferometry (VSI) mode and phase shifting 
interferometry (PSI) mode. VSI is used for measurements when the two adjacent pixels have a 
variation in step height more than ~150nm [48]. When this step height is less than 150 nm then 
PSI mode is employed. In the present study since the samples were not very smooth therefore all 
the measurements on Wyko were performed using VSI mode. Stereo Microscope and optical 
microscopes are also used for general inspection and documentation of the observations. 
 
Figure 4.12.3 Wyko NT3300 Optical Profiler 
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Chapter 5 
Results and Discussions 
In this thesis the multi-level, complex and quasi-3D mold insert templates were fabricated using 
a process combination of the X-ray lithography and micro machining. The results obtained using 
the two different substrates (Copper and Silicon) with surface modifications are presented as 
below. 
5.1. Copper Plating and Substrate Preparation 
Copper discs of 8.6mm diameter were electroplated with thicknesses ranging from 
500µm to 650µm with variation of + 25µm from center to the edge of the disc. On these discs an 
average surface roughness of 2µm was measured using Tencor alpha step profiler. A 550µm 
thick plated copper disc is shown in figure 5.1.1a. The mouse bite in the disc seen resulted from 
the defect from the substrate plate. However, it was not an issue because the cells were far away 
from this area. Nevertheless, subsequently the substrate plate was cleaned again to avoid such 
defects, figure 5.1.1a. Thicknesses along with variation in thickness of different plated copper 
discs are given in table 5.1.1. A plating efficiency of 88-92% by weight was achieved for all the 
different Cu discs electroplated. Such thickness variations of the thick electroplated samples are 
common. Thickness variations in plated copper discs were removed by planarization using the 
fly cutting machine. 
Table 5.1.1 Electroplated Thickness from in-built copper plating station 
Sl. No Expected Thickness 
(µm) 
Achieved Thickness 
(µm) 
1 700 635 + 20 
2 650 600 + 25 
3 600 530 + 25 
4 600 550 + 20 
5 600 550 + 25 
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Figure 5.1.1: (a) Electroplated Copper from in house built electrolytic bath (b) Electroplated Cu 
bonded to Si wafer 
Before planarization, plated copper discs were attached to silicon substrate; typical 
sample is shown in figure 5.1.1(b). Generally used fly cut processing parameters in CAMD for 
other metals like Al i.e. spindle speed 1500-2500rpm, depth of cut 25-50µm, feed rate 2-
5inch/min were initially used for planarizing copper.  However, the results obtained shown in 
figure 5.1.1(c & d), using the above mentioned parameters showed that the parameters employed 
for fly cutting were inappropriate. Most likely these parameters were producing too much cutting 
forces during machining thereby leading to tearing of the Cu substrate and also debonding from 
the Si substrate.         
          
Figure 5.1.1 (c) Defects of wear and tear, rough finish (d) De-bonding of copper from silicon  
Contour Tools Inc. [
49
] did not have any specific recommendation for fly cutting of Cu, 
however gave the parameters for fly cutting of gold. Based on these discussions we adjusted the 
parameters to lower side: spindle speed at 1000-2000 rpm, 5-30µm of depth of cut and 1-2 
(c) (d) 
(b) (a) 
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inch/min of feed rate. This resulted in significantly improving the surface finish with an average 
roughness of 40 nm which is shown in the figure 5.1.2. It seems like the reduced depth of cut and 
the feed rate significantly reduced the cutting force and/or the pulling force exerted by the fly 
cutting tip on the Cu surface. 
 
Figure 5.1.2 Final smooth surface finish on Copper Substrate 
5.2. Surface Modifications 
 Silicon surface is modified by deposition of a coating that is conductive and also 
improves the adhesion to the PMMA resist. A 2µm thick Ti layer was e-beam deposited on Si 
followed by wet chemical oxidation which resulted in producing a dark colored oxide (TiOx) 
layer with an average surface roughness of 100nm. SEM micrograph of the TiOx layer is shown 
in figure 5.2.1. 
 
Figure 5.2.1 Surface profile of titanium oxide layer on silicon 
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Surface of electroplated copper was modified by wet chemical oxidization process [31], 
to improve its adhesion to PMMA resist. The oxidation of copper produces a black oxide layer 
which is rough and porous as shown in figure 5.2.2. An average surface roughness of 40nm and 
350nm was measured before and after oxidation. Increase in surface roughness after oxidation is 
attributed to the relatively thick black porous copper oxide layer. In order to protect the Cu 
below this porous oxidize layer for subsequent processing steps, two different Cu substrates with 
oxide layer were coated with two different layers by e-beam deposition technique. In the first 
about 2µm thick Ti layer was deposited only on one half, Ti deposited regions of oxidized 
copper samples showed bright colored surface finish figure 5.2.2a. This was to compare its effect 
directly to the copper wafer with the black oxide layer on the top. In the previous study [Holger 
thesis] Ti layer by itself on Cu did not produce good adhesion to PMMA resist, therefore it was 
oxidized to produce standard TiOx layer, known for having good adhesion with PMMA, seen as 
dulled surface finish compared to that of Ti in figure 5.5.2b.  
   
Figure 5.2.2 (a) Ti deposited surface on copper oxide layer (b) Oxidized Ti surface on copper 
oxide layer  
The surface morphology and qualitatively the surface roughness of the coatings were 
analyzed using SEM and presented in figures 5.2.3 and 5.2.4. The SEM micrographs of the black 
copper oxide layer and TiOx on copper oxide regions are shown in the figure 5.2.3 (a)-(b). 
Copper oxide surface looks porous; however, Ti shows globular morphology with an average 
(a) (b) 
Ti deposited surface Oxidized Ti Surface 
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surface roughness of 400 nm, which is an increase of 17% from oxidized copper surface. 
Increase in surface roughness of Ti deposited region compared to black oxide region is due to the 
filling of porous black oxide layer with Ti molecules. The porous surface morphology of copper 
oxide compared to globular of TiOx seems to be more suitable for good adhesion of PMMA due 
to better physical anchoring of the resist to the top rough layer. 
    
Figure 5.2.3 (a) Black oxide copper surface (b) Oxidized Ti coating on copper oxide surface  
 In the second 50 nm of Cr was followed by 100 nm of Au. The Cr/Au deposition on 
copper oxide layer was done to block the pores and protect the Cu below the oxide layer. In this 
also only one half of the wafer was deposited Cr/Au and the other half had the CuOx as on the 
surface. Bright gold colored surface is observed on the deposited copper oxide substrate. Surface 
roughness of around 300 nm is measured using probe profiler.  
   
Figure 5.2.4 (a) Black copper oxide surface (b) Surface of Cr/Au deposited on copper oxide 
(a) (b) 
(a) (b) 
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The surface morphology of black oxide copper surface is shown in figure 5.2.4(a) and 
that of Cr/Au deposited on copper oxide layer is shown in figure 5.2.4(b). These micrographs 
clearly show that Cr/Au did cover or close many of the pores thereby giving a smoother surface 
finish. Quantitatively, an average decrease of 15% surface roughness was measured compared to 
that of black copper oxide. Therefore, it is expected that due to Cr/Au the adhesion of the 
PMMA resist to the Cu substrate will reduce.  
5.3. Micro Machining Process 
The results in this section are presented from both Cu and Si substrates where micro machining 
was used for planarizing both the resist and metal along with creating multi-levels in these 
substrates. 
5.3.1. PMMA Resist 
The PMMA bonded to Cu and Si substrates for single level experiments and the one 
bonded to Cu multi-level substrates was machined to desired thickness. Whereas the PMMA that 
was bonded to Si or planar Cu substrates was machined with multi-levels by micro milling 
machine (square unit cells with different resist thickness figure 5.3.1) and fly cutting machine 
 
 
Figure 5.3.1: Six celled machined on bonded PMMA of silicon substrate 
Level 1 
400µm 
Level 1 
400µm 
Level 2 
450µm 
Level 2 
450µm 
Level 3 
500µm 
Level 3 
500µm 
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(circular contours with different resist thickness, counter replica structures). Thickness variation 
of +10µm was achieved from both the machining processes. 
5.3.2. Copper Substrates  
The electroplated copper substrate bonded to the Si wafer was planarized by using the 
flycutting machine. The surface of these fly cut samples was smooth due to using the proper fly 
cutting parameters and the roughness was measured to be 40nm. Some of these wafers were 
machined further by flycutting to create the multi-levels. Figure 5.3.2 shows such a typical 
substrate with three levels (level 1: Top planarized surface; level 2: 100µm below level 1; level 
3: 200µm below level1). Variation of + 10 µm in thickness was achieved. This is the variation  
         
Figure 5.3.2: 3 leveled machined by fly cutting machine copper substrate  
that is usually achieved with the Precitech machine in CAMD. No burr, wear and tears are 
observed in machined copper compared to that of copper machined in previous study. This could 
be due to larger feature sizes that were machined in the present study compared to that of 
features machined in the previous study.  
5.4. PMMA Bonding 
Good adhesion between PMMA wafers and substrates with no traces of air bubbles 
detected between them was observed, compared to entrap air bubbles in the previous study [30]. 
It may be noted that in the previous study the higher aspect ratio structures in the copper were 
Level I-0µm 
Level III-200µm 
Level II-100µm 
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milled and also the commercial copper had burrs which could have led to the entrapment of the 
air bubbles. In the present study only macro-features were machined and no burring of the 
electroplated copper was observed. Casted PMMA onto silicon substrate is shown in figure 
5.4.1(a) and to that of copper oxide substrate is shown in figure 5.4.1(b).  
  
Figure 5.4.1 (a) 750µm PMMA bonded to silicon with TiOx (b) PMMA bonded onto oxidized 
copper substrate 
5.5. X-ray Exposures 
Since, in the previous study it was observed that there were some issues during 
fabrication of the X-ray mask, especially with small dimension (10µm) microstructures. 
Therefore, in the present study before doing the dose scanning experiments, analysis of the X-ray 
test mask-II was performed using SEM and the details are presented as below. 
5.5.1. X-ray Mask SEM Analysis 
  In the present study, mainly the 10-10H features were used for all the analysis of the 
substrates. This is so because they give us the highest aspect ratio structures and are also the ones 
that are difficult to pattern, due to their high packing density. The 10-10H features on the test 
mask-II in all the 6 different unit cells were analyzed by SEM and the results are presented in 
figures 5.5.1.1(a)-(f). These show that these structures in cells 03 and 06 did not come out well 
due to the developing issues as was observed in previous study. Also, it may be noted that cell 04 
(b) (a) 
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some of the structures did not develop whereas most of them did come out well and we may 
notice this while processing the samples. 
  
Figure 5.5.1.1 (a) 10-10H features of unit cell 01 (b) 10-10H features of unit cell 02  
 
  
Figure 5.5.1.1 (c) 10-10H features of unit cell 03 (d) 10-10H features of unit cell 04 
 
   
Figure 5.5.1.1 (e) 10-10H features of unit cell 05 (f) 10-10H features of unit cell 06 
 
(f) 
 
(e) 
 
(d) 
 
(c) 
 
(b) 
 
(a) 
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 Further, the shapes of the developed features were observed to be circular instead of the 
designed hexagons. In figure 5.5.1.1e it can be clearly seen that the resist did not completely 
develop thereby limiting the gold in these structures and was also observed in other cells. Since, 
the 10-10H features of unit cells 03 and 06 are of poorest quality therefore, these unit cells were 
not considered for exposure in this study. 
5.5.2. Dose Screening 
   In order to obtain a suitable bottom dose for exposing the multi-level samples, initially 4 
samples, two wafers (100 and 500µm thick resist) each of Si and Cu substrate, were exposed, 
each using four bottom dosages (2500-4000J/cm
3
) as discussed in section 4.7.3. These samples 
were developed after the exposures were completed and the details of developing them are 
presented in Table 5.5.2.1 and figure 5.5.2. These samples were developed by soaking them in 
GG developer and GG rinse alternatively with cycles such 20/15/10 etc. minutes in developer 
and 40/30/20 etc. minutes in rinse. When it was expected that shallow structures are nearly 
developed then onwards the samples were observed under microscope intermittently without 
drying them. Developing of exposed resist was continued till all the structures were completely  
Table 5.5.2.1: Details of developing cycles for substrates with single levels 
Substrates Developing Cycles 
( Developer-Rinse) 
Silicon substrate with 100µm Resist 20-40;10-30;10-30; 15 hour in water; 
10-30;10-60;15-45;10-30. 
Copper Substrate with 100µm Resist 20-40;10-30;10-30;10-60;15-45; 18hours in water; 10-
90;20-90;20-40;20-40;  15-180; 15-150. 
Silicon Substrate with 500µm Resist 20-40;20-40;20-40;20-40;20-40;15 hours in water;10-
90;20-180 
Copper Substrate with 500µm Resist 20-40;20-40;20-40;10-15;10-40;10-30;10-30; 10-
30;10-90;20-60;15-90; 15 hours in water;15-120;20-
180;10-60;10-60;10-60. 
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Figure 5.5.2: Graph showing the details of sample developing durations for dose screening 
developed or if before that high aspect ratio microstructures (10-10H) with lowest bottom dose 
of 2500J/cm
3
, started to overdevelop and wash away from substrate. The results in the table and 
figure clearly show that the PMMA resist on silicon substrate develops faster than on the copper 
substrate and the developing time (including GG developer and rinse) increases with increase in 
resist height on both the substrates. Both the solutions GG developer and rinse were kept at room 
temperature and were nominally agitated by using a magnetic stirrer. 
The developed samples were dried inside the hood while hanging and were then analyzed 
using the SEM, and the results of these 4 samples are presented in figures 5.5.2.1 to 5.5.2.4. The 
SEM images of 10-10H and 10-50H structures on silicon substrate with 100µm resist layer 
exposed to four different bottom dosages (2500-4000J/cm
3
) are shown in the figures 5.5.2.1(a)-
(h) respectively. The low magnification micrographs show that all the 4 cells are cleanly 
developed without any loss of microstructures. However, the zoomed in micrographs (inset 
images) show that the cells with bottom dose of 2500 and 3000 have some minimal residue at the 
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bottom and the other two cells with higher bottom dose does not show such residues. Now to 
further explore the quality of patterned structures in all the 4 cells the 10-50H (relatively loosely 
packed) structures were analyzed. The micrographs in figures 5.5.2.1e-h show that all the 4 cells 
are cleanly developed though lots of structures from cells with bottom dose of 3500 and 4000 are 
washed away. Also, in these micrographs are seen some of the washed away posts as lying in 
between the developed posts. The washing away of the posts in the loosely packed areas can be 
explained by the fact that in these areas the developer and rinse solution has more accessibility 
and therefore faster development of the resist. Further, the cleaner development in densely 
packed areas and loss of structures in the loosely packed areas of higher dose cells can be 
correlated to higher bottom dose to breakdown of the resist chains to smaller size [50], which 
will result into faster development. Also in these areas the undeveloped resist will have higher 
secondary radiation [51] that will impact the adhesion between resist and substrate especially for 
the smaller structures. From these results it seems like bottom dose of 3000 will be a good choice 
for Si substrate with 100µm thick resist. The developing time can be adjusted easily to 
completely develop the densely packed areas too. 
  
Figure 5.5.2.1 (a) 10-10H with 2500J/cm
3 
Bottom dose (b) 10-10H with 3000J/cm
3 
Bottom dose 
 
 
  
(b) 
 
(
b
) 
 
(a)  
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Figure 5.5.2.1 (a) 10-10H with 3500J/cm
3 
Bottom dose (b) 10-10H with 4000J/cm
3 
Bottom dose 
 
  
Figure 5.5.2.1 (e) 10-50H with 2500J/cm
3 
Bottom dose (f) 10-50H with 3000J/cm
3 
Bottom dose 
 
  
Figure 5.5.2.1 (g) 10-50H with 3500J/cm
3 
Bottom dose (h) 10-50H with 4000J/cm
3 
Bottom dose 
 
The SEM images of 10-10H and 10-50H structures on copper oxide  substrate with 
100µm resist layer exposed to four different bottom dosages (2500-4000J/cm
3
) are shown in the 
(h) (g) 
(f) (e) 
 
(d)  
 
(c)  
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figure 5.5.2.2(a)-(h) respectively. Low magnification micrographs in figures 5.5.2.2 a-d show 
that all the 4 cells have nearly developed. However, the inset images showing the zoomed in 
view shows that the cells with bottom dose of 2500 and 3000 have significant amount of residues 
at the bottom and the cell with bottom dose of 3500 shows the structures washed away from the 
other regions at the bottom. The next 4 micrographs, figures 5.5.2.2e-h, present the results from 
the 10-50H region of all the 4 cells. Micrograph from the cell with bottom dose of 2500 shows 
the undeveloped residue and for that of 3000 shows the completely developed area though at the 
bottom we see the washed off structures and residue from other regions. As expected the higher 
dose cells are completely developed. The cells with bottom dose of 4000 shows an interesting 
feature, the broken or debonded posts; this is most likely happening at the interface of the glue 
layer and the bonded PMMA disc. This most likely is an isolated defect as this was not observed 
on Si wafers and can be attributed to mishandling of the wafer or for some reason improper 
mixing of the glue mixture in this region. These results show that 3500 is a good bottom dose for 
Cu substrate with 100µm resist thickness. It may also be noted that the cell with bottom dose of 
3000 can also be used with little extended developing time 
   
Figure 5.5.2.2 (a) 10-10H with 2500J/cm
3 
Bottom dose (b) 10-10H with 3000J/cm
3 
Bottom dose 
 
(a)  (b) 
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Figure 5.5.2.2 (c) 10-10H with 3500J/cm
3 
Bottom dose (d) 10-10H with 4000J/cm
3 
Bottom dose 
  
Figure 5.5.2.2 (e) 10-50H with 2500J/cm
3 
Bottom dose (f) 10-50H with 3000J/cm
3 
Bottom dose 
 
  
Figure 5.5.2.2 (g) 10-50H with 3500J/cm
3 
Bottom dose (h) 10-50H with 4000J/cm
3 
Bottom dose 
The SEM images of 10-10H and 10-50H structures on Si substrate with 500µm resist 
layer exposed to four different bottom dosages (2500-4000J/cm
3
) are shown in the figure 
  
 (h)  (g) 
 
  
 
 (f) 
 
  
 (e) 
 
(d) (c)   
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5.5.2.3(a)-(h) respectively. Low magnification as well as the zoomed in inset micrographs in 
figures 5.5.2.3 a-d show that all the 4 cells are completely developed (except for isolated 
residues). However, the cells with dose 3500 or higher show debonding of large number of 
structures especially near the edge leading to their inability to stand vertically.  
   
Figure 5.5.2.3 (a) 10-10H with 2500J/cm
3 
Bottom dose (b) 10-10H with 3000J/cm
3 
Bottom dose 
 
   
Figure 5.5.2.3 (c) 10-10H with 3500J/cm
3 
Bottom dose (d) 10-10H with 4000J/cm
3 
Bottom dose 
 
 The figures 5.5.2.3e-h shows the micrographs from the loosely packed structures. 
They show that cells with bottom dose 3500 and higher has lost all the structures and from the 
other two cells also some structures are lost though much less for 2500. The results shows that it 
may not be easy to retain both densely and loosely packed structures for Si with 500µm resist 
though 3000 bottom dose may be suitable one with a little less developing time than used in this 
 
(d)   (c)  
 (b)  
 
(a)  
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wafer. Therefore, for fabricating complex multi-level structures on Si substrate the optimal 
choice will be 3000J/cm
3
 bottom dose. 
 
  
Figure 5.5.2.3 (e) 10-50H with 2500J/cm
3 
Bottom dose (f) 10-50H with 3000J/cm
3 
Bottom dose 
  
Figure 5.5.2.3 (g) 10-50H with 3500J/cm
3 
Bottom dose (h) 10-50H with 4000J/cm
3 
Bottom dose 
The SEM images of 10-10H and 10-50H structures on Cu substrate with 500µm resist 
layer exposed to four different bottom dosages (2500-4000J/cm
3
) are shown in the figure 
5.5.2.4(a)-(h) respectively. Low magnification and zoomed in inset micrographs show that all the 
4 cells are completely developed. However, in all the 4 we can see some residues at the bottom, 
most likely coming from the glue layer from this region or from nearby region, nevertheless can 
be removed by little more developing. All the 4 cells show some sticking issue. This is not 
correlated to the instability or debonding of the structures because the loosely packed structures, 
(h) (g) 
(f) (e) 
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figures 5.5.2.4e-h shows very little loss of structures and that too only for cell with 4000 bottom 
dose. Therefore, these results show that any of the 4 bottom doses can be used. However, 3000 
will be an optimal choice taking into consideration the multi-level structures that we will like to 
fabricate along with the results from Cu with 100µm resist and would like to use the robust 
operating parameters. Therefore, for fabricating complex multi-level structures on both Si and 
Cu substrates the optimal choice will be 3000J/cm
3
 bottom dose. 
 
  
Figure 5.5.2.4 (a) 10-10H with 2500J/cm
3 
Bottom dose (b) 10-10H with 3000J/cm
3 
Bottom dose 
 
 
   
Figure 5.5.2.4 (c) 10-10H with 3500J/cm
3 
Bottom dose (d) 10-10H with 4000J/cm
3 
Bottom dose 
 
 
(d)  
 
(c)  
 
(b) 
 
  
(a) 
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Figure 5.5.2.4 (e) 10-50H with 2500J/cm
3 
Bottom dose (f) 10-50H with 3000J/cm
3 
Bottom dose 
 
    
Figure 5.5.2.4 (g) 10-50H with 3500J/cm
3 
Bottom dose (h) 10-50H with 4000J/cm
3 
Bottom dose 
 
5.5.3. Comparison of Exposures Using Counter Replica and Apertures 
In the present study copper is the substrate of choice among all the materials and Si is just 
for comparison. Therefore, copper was used as the substrate on which the resist with multi-level 
was exposed using the two different types of methods (that were employed to keep the bottom 
dose same at all the different levels) to compare them while keeping all the other parameters 
constant. The sample was developed by soaking in GG developer for 2hr 20 min and in rinse for 
8hrs (developing cycle details 20-40; 20-40;20-60;20-40;20-60;15-60;15-60;12hr in water;15-
60;15-60). Once the sample was developed and dried then it was studied using the SEM and 
(h) (g) 
(f) (e) 
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results from exposure made by two different methods on same sample are presented in figures 
5.5.3.1 and 5.5.3.2. 
  Figures 5.5.3.1a (aperture) and b (counter replica) show the results of 10-10H densely 
packed structures and figures 5.53.2a (aperture) and b (counter replica) show the results of 10-
50H relatively loosely packed structures. Similar results were also seen for 400 and 450µm tall 
structures on this sample. All these figures show that both loosely and densely packed type of 
structures were developed without any residues and also no loss of structures was observed due  
   
  
Figure 5.5.3.1(a) 500µm thick 10-10H features exposed using Aperture method (b) 500µm resist 
10-10H features exposed using counter replicated structures 
 
   
Figure 5.5.3.2(a) 500µm thick 10-50H features exposed using Aperture method (b) 500µm resist 
10-50H features exposed using counter replicated structures 
 
(b) (a)
(b) 
 
(a) 
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to overdeveloping that usually leads to either instability in structures or their getting washed off. 
It may be noted that both methods show a little stiction in densely packed structures figure 
5.5.3.1. Also, the missing structures in figure 5.5.3.2a are due to the mask defects as also seen in 
dose screening exposures figure 5.5.2.4e and the tilted structures in figure 5.5.3.2b were so 
because of mishandling. 
   Therefore, both of these exposure methods are equally efficient in achieving equal 
bottom dosage at varying height levels with respect to fabrication of multi-level complex 
structures.   
5.5.4. Comparison of Copper and Silicon Substrates 
The results from one copper and one silicon substrate with multi-level PMMA heights 
(400µm, 450µm and 500µm) were exposed by aperture method and were analyzed using SEM.  
The results are presented in figures 5.5.3.3 to 5.5.3.6.  
The SEM micrographs in figure 5.5.3.5 show the complete development of 10-10H features for 
450µm thick resist both on Cu and Si substrate. It also shows slight instability of the structures in 
the outermost layer for both substrates. Therefore, for densely packed structures up to 45 aspect 
ratio Cu is comparable to Si.  
  
  
Figure 5.5.3.3 (a) 10-10H AR 45 on Cu substrate (b) 10-10H AR 45 on Si substrate 
 
(b) 
 
(a)
71 
 
   
Figure 5.5.3.4 (a) 10-50H AR 45 on Cu substrate (b) 10-50H AR 45 on Si substrate 
However, such is not the case for loosely packed (10-50H) structures as seen from the SEM 
micrographs in figure 5.5.3.4. It shows that Cu structures were intact and nearly all the structures 
on Si were lost. Therefore, Cu seems to be a better substrate when it comes to loosely packed 
and/or multi-level structures with aspect ratios all the way to 45.  
The SEM micrographs in figure 5.5.3.5 show the 10-10H structures in 500µm thick resist were 
completely developed on both substrates. However, on Cu all the structures were retained though 
on Si they have begun to debond/wash away. And the figure 5.5.3.6 presents, the micrographs 
for 10-50H (loosely packed) structures. It shows that structures on Cu are intact, while on Si all 
of them were washed off. 
  
Figure 5.5.3.5 (a) 10-10H AR 50 on Cu substrate (b) 10-10H AR 50 on Si substrate 
 
(b) 
 
(a) 
(b) (a) 
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Figure 5.5.3.6 (a) 10-50H AR 50 on Cu substrate (b) 10-50H AR 50 on Si substrate 
 This difference in result for the two type of substrates can be attributed to the higher 
surface roughness (400 nm) of the Cu substrate due to porous black oxide layer formed by wet 
chemical etching, compared to that of TiOx on Si as ~10nm. This higher surface roughness and 
the geometry of the surface morphology of the Cu oxide layer probably leads to better anchoring 
of the resist. It is also possible that the chemistry between PMMA and copper oxide is better 
suited compared to that of PMMA and TiOx. 
5.6. Nickel Electroplating 
The developed three layered copper substrate was processed to etch out the oxide layer 
followed by electroplating with nickel and was continued to over-plate Ni a little, to fabricate a 
shim mold insert for demonstrating the feasibility of fabricating mold insert from such blanks 
with complex, multi-level microstructures. Final step of etching copper resulted in mold insert 
shown in the figure 5.6.1.   
 
Figure 5.6.1.: Three layered Ni mold insert  
(b) (a) 
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Chapter 6 
Conclusion and Future work 
In conclusion, of this thesis we have demonstrated that Cu substrate has good adhesion to 
the PMMA resist and if not better it is as good as for Si substrate. The multi-level complex 
structures with aspect ratio less than or equal to 50 were patterned and successfully developed. A 
multi-level mold insert template with complex and high aspect ratio microstructures was 
successfully fabricated using process combination of micro milling and X-ray lithography. Also, 
in this study we had fabricated a mold insert from such a blank with limited success. 
With these results obtained in the present study the next step can be to test the robustness 
of the parameters obtained of this process combination by fabricating microsized multi-levels in 
the same unit cell using micro-milling and patterning the multi-level high aspect ratio structures 
on these milled structures within the same cell by aligned X-ray lithography. Further, a robust 
mold insert should also be electroplated using such blanks and using it test the feasibility of hot 
embossing multi-level structures. 
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